Impairments of signal transduction that regulate neuroplasticity and cell survival are thought to be important mechanisms contributing to major depressive disorders (Manji et al. 2001) . In particular, cyclic adenosine monophosphate (cAMP)-mediated signaling appears to have a key role in the pathophysiology and pharmacotherapy of depression (Perez et al. 2001) . Elevating intracellular cAMP, either via inhibition of type 4 phosphodiesterase (PDE4), which specifically catalyzes the hydrolysis of cAMP, or stimulation of ␤ adrenergic receptors, produces antidepressant-like effects in animal models (O'Donnell 1993; O'Donnell et al. 1994; O'Donnell and Frith 1999; Zhang et al. 2001) .
Impairments of signal transduction that regulate neuroplasticity and cell survival are thought to be important mechanisms contributing to major depressive disorders (Manji et al. 2001) . In particular, cyclic adenosine monophosphate (cAMP)-mediated signaling appears to have a key role in the pathophysiology and pharmacotherapy of depression (Perez et al. 2001) . Elevating intracellular cAMP, either via inhibition of type 4 phosphodiesterase (PDE4), which specifically catalyzes the hydrolysis of cAMP, or stimulation of ␤ adrenergic receptors, produces antidepressant-like effects in animal models (O'Donnell 1993; O'Donnell et al. 1994; O'Donnell and Frith 1999; Zhang et al. 2001) .
Cellular cAMP concentrations are determined by the relative activities of adenylyl cyclases, which catalyze cAMP synthesis, and cAMP PDEs, which catalyze its hydrolysis (Beavo 1995; Cote et al. 1999) . To date, mammalian PDEs have been divided into eleven families (Francis et al. 2000) . Of these PDEs, PDE4 is particularly important for controlling intracellular cAMP concentrations and is considered to be a prime target for therapeutic intervention for a range of disorders such as depression, impaired cognition, asthma, and inflammation (Barnette and Underwood 2000; Houslay 2001; O'Donnell 2000; . Notably, PDE4 is the predominant mediator of hydrolysis of cAMP formed by stimulation of ␤ adrenergic receptors, which are involved in the mediation of the effects of antidepressant drugs (Ye and O'Donnell 1996; Ye et al. 1997) . Consistent with this, inhibition of PDE4 by rolipram produces antidepressantlike and memory-enhancing effects in animals (O'Donnell 1993; O'Donnell and Frith 1999; .
In mammals, PDE4 enzymes are encoded by four genes: PDE4A, PDE4B, PDE4C, and PDE4D (Houslay et al. 1998 ); all exhibit similar sensitivity to rolipram inhibition (MacKenzie and Houslay 2000) . Because there are no selective inhibitors of the four individual PDE4 subtypes, the specific functions of each gene product are largely unknown. In situ hybridization histochemistry shows that PDE4A, PDE4B, and PDE4D are widely expressed, with the latter two being more abundant in the brain; PDE4C is mainly expressed in peripheral tissues (Perez-Torres et al. 2000) . Further, the distribution of PDE4A, PDE4B, and PDE4D varies among regions of the brain (Cherry and Davis 1999) . This differential distribution suggests that PDE4 subtypes may subserve distinct roles; these roles in the central nervous system have only recently begun to be examined (Ye et al. 1997 (Ye et al. , 2000 . Using a gene knockout technique, it has been shown that the subtypes are not redundant. Mice lacking a single PDE4 subtype, PDE4D, exhibit delayed growth, decreased fertility, and reduced responsiveness to the respiratory effect of a muscarinic agonist (Hansen et al. 2000; Jin et al. 1999) . Given the potent antidepressant-like effect of rolipram (O'Donnell 1993; O'Donnell and Frith 1999) and the important role of PDE4D in the control of cAMP concentrations (Hansen et al. 2000; Keravis et al. 2000) , it was thought that this subtype might be involved in the mediation of depressive symptomatology and antidepressant responsiveness. To examine this, the behavioral phenotype and pharmacological sensitivity of PDE4D knockout mice were investigated in models sensitive to antidepressant drugs. PDE4 activity and cAMP concentrations also were determined to assess changes in cAMP signaling.
METHODS

Animals
Adult male mice, which had the same mixed genetic background (C57BL/6 ϫ 129/Ola), were housed in a temperature-controlled room (22-23 Њ C) and maintained on a 12/12 h light cycle (lights on at 6:00 A . M .). Water and food were freely available in the home cages. Mice lacking PDE4D were generated by homologous recombination as described previously (Hansen et al. 2000) . Wild-type (PDE4D ϩ / ϩ ), heterozygous (PDE4D ϩ / Ϫ ), and homozygous (PDE4D Ϫ / Ϫ ) offspring used in this study were derived from mating of heterozygous mice. Genotype was determined by Southern blot analysis of genomic DNA (Hansen et al. 2000) . Blind observations were applied throughout all the experiments, which were carried out from 9:00 A . M .-4:30 P . M . All experiments were conducted according to the NIH Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996) . The procedures were approved by the Animal Care and Use Committee of the University of Tennessee Health Science Center.
Western Blot
Western blots were carried out as described previously (Hansen et al. 2000) . Brain regions (cerebral cortex and cerebellum) were dissected and immediately homogenized. After centrifugation at 16,000 ϫ g for 20 min, the supernatant was immunoprecipitated with a PDE4D-specific mAb (M3S1), a PDE4A-specific polyclonal antibody (AC55), or a PDE4B-specific polyclonal antibody (K118). The immunoprecipitated PDE4D, PDE4A, and PDE4B proteins were separated by SDS PAGE, transferred to nitrocellulose, and PDE4D detected by immunoblotting using a PDE4D-specific mAb, F34-8F4; AC55 and K118 were used to detect PDE4A and PDE4B, respectively.
PDE Assay
PDE enzyme assays were carried out as described previously (Hansen et al. 2000) . Brain regions (cerebral cortex and hippocampus) were dissected and homogenized. Aliquots of the homogenates were assayed in the absence (total PDE activity) and presence (rolipram-insensitive PDE or non-PDE4 activity) of 10 M rolipram; PDE4 (rolipram-sensitive PDE) activity was determined by subtracting non-PDE4 activity from total PDE activity.
Tail-suspension Test (TST)
The TST was performed as described previously (Steru et al. 1985) . Each mouse was suspended using adhesive tape placed 1 cm from the tip of its tail. The duration of immobility was recorded during the 6-min test period. Mice were considered immobile only when they hung passively and completely motionless.
Forced-swim Test (FST)
The FST was performed as described previously (Page et al. 1999 ). Each mouse was placed for 6 min in a plas-tic cylinder (45 cm high ϫ 20 cm diameter), which was filled to a depth of 28 cm with water (22-23 Њ C). The duration of immobility, which was defined as floating in an upright position without additional activity other than that necessary for the animal to keep its head above water, was recorded. Desipramine and fluoxetine (Sigma-Aldrich, St. Louis, MO) were dissolved in 0.9% saline; rolipram (Schering AG, Berlin, Germany) was dissolved in saline containing 10% dimethyl sulfoxide (DMSO). All three drugs were given i.p. 30 min before the test. For repeated administration, mice were injected with rolipram (0.5 mg/kg, i.p.) once daily for eight days; testing was started 30 min after the first (acute rolipram) and last injections (repeated rolipram).
Elevated Plus-maze (EPM) Test
The EPM test was performed as described previously (Dunn and Swiergiel 1999) 
Multi-compartment Chamber (MCC) Test
The apparatus and testing procedures were similar to those described previously (Dunn and Swiergiel 1999) . The mice were individually placed in the central compartment of the nine interconnecting compartments; the frequency and duration of stimulus contacts, the number of compartment entries, rears, and the duration of grooming were recorded for 25 min. A stimulus contact was defined as any contact with a wire ball that was attached below an opening in the floor of each compartment. Mean time (s)/contact was calculated as the duration of stimulus contact divided by the frequency of the contact.
Cyclic AMP Assay
Cyclic AMP was measured as described previously (Ye and O'Donnell 1996) . Mice were killed by decapitation and cerebral cortices were dissected and chopped into slices (0.3 ϫ 0.3 mm) using a McIlwain tissue chopper. The slices were suspended in oxygenated (95% O 2 , 5% CO 2 ) 37 Њ C Krebs-Ringer-bicarbonate buffer for 30 min, washed three times, and then pipetted in 1.5 ml aliquots into individual vials. After a 20-min incubation, vehicle (Veh; 1% DMSO) or 1 M rolipram (Rol; dissolved in 1% DMSO) was added. After 20 min, isoproterenol or the same volume of water (50 l ddH 2 O) was added. After another 20 min, the reaction was terminated by addition of ice-cold, 2.5% perchloric acid. Samples were sonified and then centrifuged at 25,000 ϫ g for 15 min at 4 Њ C. The pellets were resuspended in 1 N NaOH for assay of protein content (Ye and O'Donnell 1996) . Cyclic AMP in the supernatant was determined by radioimmunoassay (O'Donnell 1993).
Data Analysis
Data were analyzed by 1-way ANOVA followed by Newman-Keuls tests for inter-group comparisons. t -Tests were used for a priori comparisons of basal cAMP in brain slices prepared from the three groups of mice.
RESULTS
To confirm the deficiency of PDE4D, Western blotting was used to detect the expression of this enzyme in the mouse brain. The PDE4D variants PDE4D3, PDE4D4, and PDE4D5 were not expressed in the cerebral cortex of PDE4D Ϫ / Ϫ (homozygous knockout) mice; by contrast, the expression of PDE4A (PDE4A1 and PDE4A5) and PDE4B (PDE4B1) variants was unchanged ( Figure  1 ). PDE4D ϩ / Ϫ (heterozygous knockout) mice exhibited intermediate expression of PDE4D relative to the PDE4D ϩ / ϩ (wild-type) and PDE4D Ϫ / Ϫ mice (data not shown). A similar pattern also was observed in the cerebellum (data not shown).
Concomitant with the reduced PDE4D expression, PDE4 activity (i.e., rolipram-sensitive PDE activity) was reduced in the cerebral cortex and hippocampus of PDE4D Ϫ / Ϫ mice (F 2,10 ϭ 9.09, p Ͻ .05; Figure 2 , panel a, and F 2,7 ϭ 6.91, p Ͻ .05; Figure 2 , panel b, respectively). By contrast, non-PDE4 activity (i.e., rolipram-insensitive PDE activity) was not significantly different among the three groups (Figure 2) .
In the TST, the PDE4D Ϫ / Ϫ mice displayed reduced immobility relative to the PDE4D ϩ / ϩ controls (F 2,18 ϭ 5.72, p ϭ .01); the PDE4D ϩ / Ϫ mice showed intermediate immobility relative to PDE4D ϩ / ϩ and PDE4D Ϫ / Ϫ mice ( Figure 3, panel a) . Similarly, PDE4D Ϫ / Ϫ mice showed a decrease in immobility duration in the FST (F 2,18 ϭ 6.73, p Ͻ .01; Figure 3, panel b) .
Administration of the classical antidepressants desipramine (20 mg/kg) and fluoxetine (40 mg/kg), which respectively are relatively selective inhibitors of norepinephrine and serotonin uptake, reduced the immobility duration in all three groups of mice in the FST: PDE4Dϩ/ϩ ( In the EPM test, neither the PDE4Dϩ/Ϫ nor PDE4DϪ/Ϫ mice showed any significant changes relative to the PDE4Dϩ/ϩ mice; however, the PDE4Dϩ/Ϫ mice did tend to display a decrease in the percentage of entries into the open arms (F 2,17 ϭ 1.54, p ϭ .24; Table 1 ). No significant changes in the total number of entries and total time spent in all the arms were observed among the three groups of mice (F 2,17 ϭ 0.11, p ϭ .89 and F 2,17 ϭ 0.65, p ϭ .53 for total entries and time, respectively; Table 1 ).
In the MCC test, the PDE4Dϩ/Ϫ and PDE4DϪ/Ϫ mice did not display any changes in stimulus contact time or compartment entries relative to the PDE4Dϩ/ϩ mice (F 2,18 ϭ 0.23, p ϭ .80 and F 2,18 ϭ 0.15, p ϭ .86, respectively). The number of rears and duration of grooming tended to be decreased in PDE4DϪ/Ϫ mice, but this difference was not statistically significant (F 2,18 ϭ 0.90, p ϭ .42 and F 2,18 ϭ 1.09, p ϭ .36, respectively; Table 2 ).
Basal cAMP concentrations in cerebral cortical slices from PDE4DϪ/Ϫ and PDE4Dϩ/Ϫ mice (25.2 Ϯ 10.5 and 30.5 Ϯ 15.3 pmol/mg protein, respectively; n ϭ 5, both p Ͻ .05 vs. PDE4ϩ/ϩ; unpaired t-test) were about twice that of the PDE4Dϩ/ϩ controls (13.3 Ϯ 1.1 pmol/ mg protein). Overall, cAMP was increased by the rolipram/isoproterenol treatments in cerebral cortical slices prepared from all three genotypes of mice (PDE4Dϩ/ϩ, F 3,17 ϭ 7.81, p Ͻ .005; PDE4Dϩ/Ϫ, F 3,17 ϭ 18.20, p Ͻ .001; PDE4DϪ/Ϫ, F 3,18 ϭ 8.22, p Ͻ .005). Rolipram (1 M) tended to increase cAMP in all three groups of mice, most markedly in the PDE4Dϩ/ϩ mice; however, these effects were not statistically significant. The ␤ adrenergic agonist isoproterenol (0.01 M) increased or tended to increase cAMP in cerebral cortical slices prepared from all three genotypes of mice (p Ͻ .01 except for PDE4Dϩ/ϩ group, p Ͼ .05 vs. the corresponding control; Figure 5 ). This effect of isoproterenol was markedly potentiated by rolipram in samples from PDE4Dϩ/ϩ mice (p Ͻ .05 vs. isoproterenol alone), but not from PDE4DϪ/Ϫ mice (p Ͼ .05 vs. isoproterenol alone); slices prepared from PDE4ϩ/Ϫ mice exhibited an intermediate effect (p Ͻ .05 vs. isoproterenol alone; Figure 5 ).
DISCUSSION
Cyclic AMP-specific PDE4 plays a critical role in the control of intracellular cAMP concentrations. It is the most complex mammalian PDE family, consisting of four gene subtypes (PDE4A, PDE4B, PDE4C, and PDE4D), with multiple splice variants for each gene (Houslay et al. 1998; Houslay 2001) . While the reports of basic and clinical studies indicate that PDE4 inhibitors produce antidepressant effects, the roles of the individual PDE4 subtypes in the mediation of these effects are not known; obtaining such information would aid in limiting side effects of PDE4 inhibitors (Bobon et al. 1988; Spina 2000) . However, the lack of selective inhibitors of the PDE4 subtypes has delayed progress in this area. This problem has begun to be addressed by the application of gene knockout techniques (Jin et al. 1999; Hansen et al. 2000) .
Since PDE4C is not expressed significantly in the brain (Manganiello et al. 1995) , the Western blotting analysis showing loss of PDE4D expression and unchanged PDE4A and PDE4B expression indicates that a selective deficiency of the PDE4D gene has been achieved in PDE4DϪ/Ϫ mice. This is consistent with a previous study (Jin et al. 1999) . In agreement with this, PDE4 activity was markedly reduced in the cerebral cortex and hippocampus, which are important brain ar- Figure 1 . Expression of PDE4D, PDE4A, and PDE4B in the cerebral cortex in mice. The cortices dissected from PDE4Dϩ/ϩ and PDE4DϪ/Ϫ mice were homogenized and immuno precipitated as described in the methods. The PDE4D (4D3, 4D4 and 4D5), PDE4A (4A1 and 4A5), and PDE4B1 proteins were detected by Western blot analysis. eas involved in the mediation of antidepressant effects (Zhang et al. 2001) .
PDE4D deficiency resulted in decreases in immobility in the TST and FST. This pattern of behavior is indicative of an antidepressant-like effect (Lucki 1997; Porsolt 2000) . In addition, the deficiency of PDE4D abolished the antidepressant-like effect of rolipram. These results indicate that deficiency of the PDE4D gene produces antidepressant-like effects and that the PDE4D subtype is critical in mediating the antidepressant-like effects of the PDE4 inhibitor.
No differences were observed among the three genotypes of mice in the EPM and MCC tests. The EPM is an animal model widely used to evaluate anxiolytic and anxiogenic agents (Rodgers and Dalvi 1997) ; the MCC provides a measure of exploratory behavior and locomotor activity (Dunn and Swiergiel 1999) . These results are consistent with those in the open field test, in which no changes in locomotor activity were observed among the three genotypes (data not shown). Thus, behavioral differences among the three genotypes were observed only in the two tests of antidepressant sensitivity. These data indicate that the PDE4D deficit does not produce generalized changes in behavior, but rather a fairly specific antidepressant-like effect.
Desipramine and fluoxetine produced antidepressant-like effects (i.e. reduced immobility) in all the mice, even though these three genotypes of mice exhibited different baselines of immobility (in the TST and FST). Thus, PDE4D does not appear to be necessary for classical antidepressant drugs (i.e., monoamine uptake inhibitors) to produce their behavioral effects. This may result from the fact that these drugs affect the synthesis side of signal transduction systems (e.g., indirect stimulation of ␤ adrenergic or serotonergic receptor-linked adenylyl cyclase). If anything, reductions in cAMP catabolism might be expected to increase the sensitivity to and effectiveness of these antidepressants. While its exact role is un- Figure 2 . Total PDE, non-PDE4, and PDE4 activities in the cerebral cortex (a) and hippocampus (b) of the PDE4Dϩ/ϩ, PDE4Dϩ/Ϫ, and PDE4DϪ/Ϫ mice. Values shown are means Ϯ SE; * p Ͻ .05 vs. PDE4Dϩ/ϩ (n ϭ 3-5). PDE4 activity was obtained by subtracting the non-PDE4 (i.e., rolipram-insensitive PDE) activity from the total PDE activity. clear, it does appear that PDE4 is involved in signaling pathways affected by antidepressant drugs. PDE4 inhibitors enhance antidepressant-induced increases in the expression of cAMP response element binding protein (CREB) and brain-derived neurotrophic factor (BDNF) in the rat hippocampus (Fujimaki et al. 2000; Nibuya et al. 1996) . In contrast to classic antidepressant drugs, it appears that PDE4D is an important, and possibly essential, target for PDE4 inhibitors like rolipram to produce antidepressant-like effects. Therefore, a selective inhibitor of PDE4D might exhibit antidepressant activity with a more limited side-effect profile.
In the mouse brain, immunohistochemical analyses have shown PDE4D distribution to be distinct from that of PDE4A and PDE4B (Cherry and Davis 1999) . While PDE4A and PDE4B are highly expressed in the anterior olfactory tract, cerebral cortex, and cortical-spinal tract (PDE4A) and the hypothalamus and ventral striatum (PDE4B), PDE4D is expressed at the highest levels in the cerebellum, habenula, and thalamus. Western blot studies have shown that PDE4D is expressed in a number of forebrain areas in the rat, including cerebral cortex and hippocampus (Iona et al. 1998; Zhang et al. 1999) . These brain regions have been shown to be involved in affect, as well as in the actions of antidepressant drugs (Beck and Fibiger 1995; Cass et al. 1995; Morris et al. 1999; Zhang et al. 2001) . Thus, PDE4D deficiency in these areas may contribute to the antidepressant-like effects observed in PDE4DϪ/Ϫ mice.
In the brain, interestingly, the expression of PDE4A and PDE4B subtypes, but not the PDE4D subtype, increases after repeated treatment with antidepressant drugs, including desipramine and fluoxetine (Takahashi et al. 1999; Ye et al. 1997 Ye et al. , 2000 . This suggests that both PDE4A and PDE4B are likely involved in signal transduction pathways that are affected by antidepressant drugs and that they are regulated as a consequence of pharmacologically induced changes in neuronal activity. The PDE4D subtype in brain, by contrast, appears not to undergo similar regulation. It is possible that this subtype may be regulated predominantly by phosphorylation, rather than altered expression (Oki et al. 2000) .
Previous work has shown that PDE4 hydrolyzes cAMP formed by the stimulation of ␤ adrenergic receptors in cerebral cortical slices (Ye and O'Donnell 1996; Ye et al. 1997 ). The present study showed that the deficiency of PDE4D significantly increased the basal cAMP concentration in cerebral cortical slices; this effect is similar to the increase in cAMP produced by rolipram (O'Donnell 1993) . In addition, the PDE4D deficiency attenuated the rolipram-induced increase in cAMP in the cerebral cortical slices. These data suggest a critical role of PDE4D in control of intracellular cAMP levels. The absence of a potentiating effect of rolipram on isoproterenol-stimulated cAMP formation in PDE4D-deficient mice indicates that the PDE4D subtype is predominantly involved in the hydrolysis of the cAMP pool under the control of ␤ adrenergic receptors. Given the importance of this system in the mediation of antidepressant-like effects on behavior (Heal et al. 1989) , it is possible that reduced PDE4D expression in this signaling pathway contributes to the antidepressant-like profile in PDE4DϪ/Ϫ mice.
In conclusion, mice lacking PDE4D exhibit antidepressant-like effects. While the antidepressants desipramine and fluoxetine were efficacious in all three genotypes of mice, treatment with the PDE4 inhibitor rolipram was effective in wild-type mice but not PDE4DϪ/Ϫ mice. Consistent with the behavioral observations, it was found that rolipram potentiated ␤ adrenergic receptor-mediated cAMP formation in wild-type but not PDE4DϪ/Ϫ mice. This suggests that the PDE4D subtype is an essential component of this signaling pathway, which has been shown to be involved in the mediation of antidepressant effects on behavior. It is possible that loss of PDE4D expression in this pathway may contribute to the antidepressant profile observed in the PDE4DϪ/Ϫ mice. Regardless of the specific mechanism, it appears that reduced expression of PDE4D confers a protective effect against depressive symptomatology.
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